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SUMMARY
An analysis of launch vehicle Gross Lifloff Weight (GLOW) using high energy density atomic propellants with
solid particle feed systems was conducted. The analyses covered several propellant combinations, including atoms
of aluminum (Ai), boron (B), carbon (C), and hydrogen (H) stored in a solid cryogenic particle, with a cryogenic
liquid as the carrier fluid. Several different weight percents (wt%) for the liquid carrier were investigated and the
gross lift off weight (GLOW) of the vehicles using the solid particle feed systems were compared with a conven-
tional O2/H 2 propellant vehicle. The potential benefits and effects of feed systems using solid particles in a liquid
cryogenic fluid are discussed.
NOMENCLATURE
A fixed mass scaling parameter, kg
AI aluminum
B boron
B propellant dependent mass scaling parameter, kg/kg Mp
C carbon
GLOW gross lift off weight
H atomic hydrogen
He helium
H 2 molecular hydrogen
Isp specific impulse, s
Mp propellant mass, kg
NLS National Launch System
O/F oxidizer to fuel ratio, or mixture ratio
O., oxygen
wt % weight percent
* AIAA Associate Fellow. Leader. NASA Advanced Fuels.
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INTRODUCTION
Newtechnologiesinatomisolationandthephysicsofmaterialmanipulationhaveledtothediscoveryandsyn-
thesisofmaterialsthatcanbeusedasrocketpropellants(Refs.1through25).Solidcryogenicpropellantsstoring
atomsofAI,B,C,andH,orotheratomicadditives,requireauniquepropulsionsystemdesignwherethefuelsare
storedatliquidhelium(He)temperaturesduringroundhandlingandtlight.Feedingatomicpropellantsfromapro-
pellanttankthroughafeedsystemtoarocketenginewillbeaformidablechallenge.
Thereareveryextensivepotentialbenefitsforusingatomicpropellants.Figure1showstheGLOWreductions
withatomichydrogenasalaunchvehiclepropellantforseveraltomloadings.WithatomichydrogenatanIsp
valueof 750 seconds, the GLOW can be reduced by 44% over the O2/tt 2 baseline case. The baseline case is the
National Launch System (NLS] with a specific impulse (Isp) of 430 selonds (Ref. 1 ). The 750 second atomic H lsp
performance level requires a 15-wt% of atomic hydrogen stored in solid H 2. The reduction of the GLOW would
result in a significant reduction of the cost of space launch, simplificati _n of the ground support equipment and re-
duction in the investment in launch facilities.
This paper provides analyses of the rocket engine performance for several atomic propellants, and shows their
effect on the GLOW of an Earth to Orbit rocket transportation vehicle. Several concepts for the formation, storage,
and transport (i.e., feed systems) for atomic propellants are discussed. Also, analyses of the effects of using solid
particle feed systems, and the challenges that must be overcome are pr_ sented.
WHY HEDM PROPELLAN FS?
The overarching vision for HEDM is to create a propellant combination that has at least the performance of
O2/H 2 (typical of the Space Shuttle. which delivers a specific impulse of 452 seconds, in vacuum) but with a higher
overall propellant density. The goal is to reduce the vehicle GLOW, simplify vehicle ground operations, and ulti-
mately reduce the cost of space access. Atomic propellants can theoretically offer an extremely high specific im-
pulse over O2/H 2 propellants. The high-energy atomic propellant must be formulated very meticulously because
they do not occur readily in nature. (Ref. 12, Collins). The atoms in the propellant must be stored in a stabilizing
medium, such as a cryogenic solid, so as to inhibit or delay their recombination into molecules. Atomic propellants
theoretically deliver very high specific impulse as the atoms recombine, release large amounts of energy, and heat
the surrounding medium that is used to stabilize the atoms. Using these propellants is more complex than traditional
propellants because of their unique chemistry and atomic interactions. Next generation RLV propulsion systems
could perhaps use these propellants consisting of atoms in frozen hydrc,gen particles, within a cryogenic liquid car-
rier, such as helium (Ref. 10).
VEHICLE DESIGNS AND FEED SYSTEMS
Calculations of rocket engine performance conducted in the past (l',ef. I and 11) have considered the atomic
hydrogen and other atoms that are stabilized in a solid cryogenic mater al, such as hydrogen. This solid, however, is
not easily ted though a conventional feed system. Previous propulsion :_tudies have considered either a monolithic
solid containing the atoms, or a segmented solid, much like the concep_ of a throttleable or controllable solid rocket
motor, with preprogrammed pulse elements, each separated by an inhil-itor layer. While this may be a viable ap-
proach is some cases, the potential for the atoms remaining in a cryogenic atomic state is questionable. As the grain
is exposed to the combustion environment, it's temperature goes up quickly, and the ability of the remaining propel-
lant to remain in the atomic state drops dramatically. Isolation of the remaining propellant is needed to have the pro-
pellant remain in the atomic state at very low cryogenic temperature, where its energy is not released prematurely. A
very light weight inhibitor, or other method of propellant conditioning a,ould be needed. A premature release of the
atom recombination energy will result in extremely high thrust, high a_ celeration, or explosion of the vehicle.
Solid particle feed systems can alleviate the problems of a monolit lic solid fuel grain. The analyses presented
here illustrate the possible designs for launch vehicles using these feed systems. A two-stage vehicle was analyzed
with the solid particle feed systems. Comparisons of the NLS design and GLOW (Ref. 1. 10) with the analyses of
two-stage atomic AI. B. C, and H rockets was conducted. These comparisons will show the effects of the solid
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particlefeedsystemsonGLOWofthevehicles.Thevehiclemassi estimatedusingthetraditionalmasscaling
relation:
Mdry=A +B "Mp
where:
Mdry
A
B
Mp
vehicle dry mass, kg
fixed mass scaling parameter, kg
propellant dependent mass scaling parameter, kg/kg Mp
propellant mass, kg
Each of these parameters was estimated with detailed tank mass estimation codes, and scaling from existing
detailed designs (Ref. 10). The addition of He was also modeled, and all of the mass scaling equations are provided
in Tables 1 through 4. The tank maximum operating pressure was 50 psia, the rocket engines used a 30 psia chamber
pressure, and we assumed the propellant is pressure fed. In the mission analysis |or the atomic rockets, the total
velocity change (delta -V) was 9,700 m/s. which is more than 500 m/s higher than the delta-V for the NLS design.
This additional delta-V should accommodate any performance losses or altitude compensation losses incurred with
the lower engine chamber pressure. The vehicle diameter was 6. I meters, and the tankage was cylindrical, with el-
lipsoidal dome ends.
A slurry or gel of solid hydrogen in liquid helium was considered to control the flow of the atom-solid particle
propellants. The CET rocket performance code (Ref. 26) was used to estimate the effects on Isp for the addition of
He as a carrier fluid. In general, the effcct of the He on the vehicle should be a reduction in the Isp of the rocket, but
there is also an increase in the propellant density, in some cases. The lsp drops due to the addition of the inert he-
lium and the density of the propellant increases because the helium is a higher density fluid than the solid hydrogen.
The lsp reduction is addressed in the rocket pertormance section. For the monopropellant atomic hydrogen
rockets, the solid H 2 particles (encapsulating the atomic H) using a 40-wt% liquid helium carrier has a density of
0.091 g/cm 3 for the cases that were investigated. The solid hydrogen with the encapsulated atoms has a density of
0.077 g/cm 3, about 15 percent lower density than the solid hydrogen liquid helium slurry or gel.
Propellant Types
Several different atomic species were analyzed as rocket propellants. The aluminum (AI), boron (B), carbon
(C), and hydrogen (H) atoms were stored (or encapsulated) in solid hydrogen, and a variety of helium mass Ioadings
were used to irivestigate the performance changes due to the helium carrier fluid. In some cases, oxygen was used
as an oxidizer (as a bipropellant), to improve the performance of the atomic A1 rocket propellants. The B. C, and H
propellants typically had very high Isp performance, and the addition of O 2 would not increase the Isp values. Add-
ing O 2 to the B, C, and H fuel was investigated however, as an option to reducing the total mass of atomic propel-
lants needed for the Earth to Orbit mission. Reducing the total amount of atomic propellants needed would simplify
the ground support equipment at the launch site, and the propellant production facility.
Atom Weight Percent
The atom weight percent (wt%) values are the mass of trapped atoms to the total mass of the atoms and the en-
capsulating solid H 2. The atom wtC_ values were selected based on the several criteria. A 5-mole percent (moleC?/,)
loading in the solid H2 was selected based on past experimental results (Ref. 2). Current research has concluded that
the maximum atom loading that may be possible in the near term is 5-moleqb. The 5-mole% loading is translated to
a wt% in Appendix A.
The 5 mole% cases translate into different atom wt% for each propellant. With atomic hydrogen, the value is
2.5 wt%. Based on CET Isp calculations, there is no Isp increase for this atomic fuel over O2/H 2, thus a higher goal
for atom storage must be set. If the Isp of the rocket is lower than O2/H 2, the GLOW will be increased, and the com-
plexity of the very low temperature cryogenics will not be considered worthwhile investment lk_r a less than attrac-
tive lsp value.
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TheIspperformancefortheatomicmonopropellantsismuchmoreattractiveathigheratomwt%values.With
BandC,theIspperformanceismoreattractive:689secondsforB(at_,0wt%),and733secondsforC(at60wt%).
AtomicHdeliversanIspvalueof750seconds(at15wt%).AnatomicAIrocketenginewilldeliveralowlspatless
than390seconds(at80wt%),andseemstobeunattractive.
Theremainingcasesthatwereanalyzedincludeitherthetheoreticalpeakspecificimpulsesofthepropellant
combinations,orIspvalueswheretheGLOWoftheatomicpropellantvehicles was comparable to or lower than the
O2/H 2 vehicle GLOW. Many of these atom loadings are very high: 50 to 60 wt%. While these atom Ioadings are
high compared to the near term practical maximum levels noted earlier (the 5 molar%), they are nonetheless inter-
esting cases, and represent the ultimate goals that should be pursued fol successful use of atomic propellants in
rocket propulsion systems.
Atomic Propellant Densities
The overall density tbr the atomic propellants is computed using the equations in Appendix B. Tables 5 to 20
shows the propellant densities for the combinations used in the analyses. The fuel densities are dependent upon the
mass fraction of atoms stored and the amount of helium carrier fluid used. The densities of the atom-solid H2 com-
binations (without He) varied from 0.077 g/cm 3 (15-wt% H in H 2, Table 18) to 149.73 g/cm 3 (50-wtC_ AI in H 2,
Table 6). The analyses using a He carrier fluid were conducted with 10, 20, and 40-wt% of He. The 40-wt% He
cases represent a mixture of 70-volume% of the atom-solid (H/H2) combination, with 30-volume% He. This value
was chosen as the maximum value of volume fraction tbr the solid H2 in slush hydrogen used in the National Aero-
space Plane (NASP) program (Re(. 27). This 30 volume% of liquid carrier was considered the minimum needed for
the practical flow of slush H,,.
ATOMIC PROPELLANT ENGINE PERFORMANCE
Several values of wte/,,: of stored atoms are used in the simulations, and the lower values represent wte/c judged
to be possible with near term technology. A 5 mole% value of atoms st,_red in a solid H 2 is considered technically
feasible in the near term. The mole% is translated to wt% values for th_s analysis. Table A I (Appendix A) shows
the near term practical values of mole¢?_ versus wtCh, for the four propeliants. It will be shown later that to reduce
launch vehicle GLOW. much higher values of atom storage will be required.
Tables 5 through 20 show the Isp performance degradation for using a helium carrier fluid to feed the panicles
to the recombination chamber. The heats of formation used in the CET code for the various atoms are listed in Ap-
pendix C. In the cases with low atom mass fractions in the solid H 2 (10 to 15 wt%), the influence of the He is strong,
and it significantly reduced Isp performance. At higher atom Ioadings ( _0 wt%), the performance degradation is
much lower, with a much reduced effect. The reduced Isp is also accorr partied by an increase in propellant density
with the atomic H. This density increase is also evident with B and C, f,)r their low atom wt% cases: 22 and 24 wt%
respectively. At the higher atom wt% values, the density decreases as the He is added. All of the engines operated at
a 30 psia chamber pressure with a 60:1 expansion ratio. A 95% engine efficiency on Isp was assumed.
Propellant Mixture Ratios (C/F)
In addition to estimating the rocket lsp for the atomic propellants a _monopropellants, the bipropellant Isp per-
tbrmance (with O_ as the oxidizer) was computed for several cases. Th,_'se data were generated to illustrate the po-
tential for reducing GLOW by using a higher density oxidizer, rather than a pure monopropellant. Also, if a
bipropellant had an attractive performance level, then the production ol the atomic fuel could be significantly re-
duced, thereby simplifying rocket launch operations and reducing the c_)st and extent of atomic fuel production.
The lsp performances for the atomic fuels with O 2 were also compated with the three levels of He addition: 10,
20 and 40 wt_.. These data were also used in the selection of the O/F f_ r the bipropellant cases, as the addition of He
did have a strong effect on engine Isp.
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Atomic Aluminum
The predicted performance for aluminum is fairly low compared to O21H 2. As shown in Figure 2, the peak Isp is
390 s, significantly lower than the 430 s Isp for the O2/H 2 case. In the engine pertbrmance analyses, it was found
that atomic A! Isp values were significantly increased with the use of 02 as an oxidizer. With 0 2 as an oxidizer, the
Isp values increase and the maximal value is 507 s at an O/F of 0.5, and a 60 wt% of atomic AI. The atoms of alumi-
num have a high molecular weight (MW), and hence the addition of O 2 reduces the exhaust MW and increases Isp.
The Isp performance is still fairly low, however, and was dropped from consideration after pertorming some GLOW
analyses.
Atomic Boron
Boron performance is high, over 600 seconds for many cases. Figure 3 shows the map of Isp values. A peak
monopropellant performance of 689 seconds is delivered at a 60-wt% of B atoms. At a 50-wtC_ atom loading, the
Isp value was 651 s. Adding 02 as an oxidizer did not increase the 50- and 60-wt% atomic B Isp over the monopro-
pellant cases.
At 22-wtC_, the Isp does increase with the addition of 02. In Figure 4, the addition of He to the propellant (at an
atom loading of 22-wt%) showed that a peak Isp value occurs at an O/F of 0.5. The monopropellant Isp, sans He.
was 436 s, whereas with an O/F at 0.5, the Isp ranged from 530 s (10-wt% He) to 473 s (40-wt% He). Figure 5
shows the effect of He with a 50-wt%: B cases. At this high atom loading, the He has only a small effect on the
rocket Isp.
Atomic Carbon
The atomic carbon engine performance is also very high, and it's Isp values were 696 seconds for the 50-wtC_
atomic C case, and 733 s for the 60-wt% case, as shown in Figure 6. As with the atomic B, adding 02 as an oxidizer
will not increase Isp for the high atom wt% cases. The monopropellant performance at a 24-wt% level was 513 s.
Figures 7 and 8 show the influence of He on the atomic C Isp at 24- and 50-wt%, respectively. In the 24-wt%
atomic C case, the addition of O 2, in general, decreased engine Isp. At an O/F of 1.0, the Isp is 504 s (10-wt% He) to
471 (40-wt% He). At this O/F value, the Isp reduction due to the addition of He is relatively small compared to
other O/F values. This design point may be worth investigating in future launch vehicle optimizations.
Atomic Hydrogen
The performance with atomic H was the highest of any of the cases investigated. It's lsp values range from 600
to nearly 1300 s. In Figure 9, the highest monopropellant performance is 1500 seconds delivered at a 100-wt% of H
atoms. It's unlikely that we will be able to store 100-wt% of atomic H, so the lower levels of 10, 15, and 50-wtC_
were investigated in the GLOW analyses. Adding 02 as an oxidizer will not increase Isp.
Figure 10 shows the monopropellant performance for atomic H with both equilibrium and frozen flow. There is
a potential for the high wt c& atomic hydrogen engine cases to act as a frozen flow, instead of an equilibrium flow.
Additional analyses of the combustion assuming frozen flow could be conducted, and the reduction in rocket Isp
assessed. All of the analyses presented in this paper use equilibrium flow results, and hence may be optimistic for
the high atom wt% cases.
The effect of He on Isp was computed for the 10-wt% and the 50-wt% atomic H cases, and is shown in
Figures I I and 12, respectively. In the 10-wte/c case, the addition of He always reduced Isp, but the Isp influence
seemed smallest at the O/F value of 1.0. As with the atomic C cases, these O/F analyses may be useful in future
launch vehicle optimization. With the 50-wtC_ case, the addition of He reduced the Isp, but its effect was relatively
small compared to the 10-wt% case.
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GLOW RESULTS AND COMPARISONS
In Figures 13 through 16, the GLOW values of the four atomic propellant launch vehicles are presented. In
most cases, the minimum wt% atomic propellant cases (corresponding _o 5-mole%) did not produce Isp values high
enough to allow a GLOW reduction over O2/H 2 technology. Several higher atom storage cases were run to deter-
mine the minimum Isp needed for allowing a GLOW reduction. The cases included the atom stored in H 2 as a
monopropellant and some cases with 02 as an oxidizer. Additional cases were run to investigate the effect of he-
lium addition at the 10, 20, and 40-wt% levels.
Atomic Aluminum
The cases with atomic AI are very poor performers when compared with O2/H 2 technology. As a monopropel-
lant, all of the predicted specific impulse values were 390 seconds. Using 02 as an oxidizer does improve the overall
perlormance level, to nearly 493 to 507 s Isp, but the overall additional mass for the tankage and structure does not
allow the vehicle to deliver a GLOW reduction. Figure 13 shows the GLOW comparison for atomic AI with O2/H 2.
Even with the high 493. I second Isp value (using an O/F of 0.5, and 50-wt% atomic A1), the vehicle GLOW was
still greater than the O2/H 2 vehicle by 27%. Because of its poor performance, this propellant type was dropped from
further consideration.
Atomic Boron
Atomic B has a very good chance of reducing the GLOW of the vehicle when compared with O2/H 2 propel-
lants. The only drawback is that the B atom wt% must be 50 or 60 percent, which is more than double the 22 wt%
value. The 22-wt% cases produced a GLOW of 4.85 times that of O2/Iq2 vehicle. Using a value of 50 and 60-wtC_
B, the GLOW was reduced significantly: by 40 and 50% respectively
Helium addition had a powerful effect in increasing the GLOW. Figure 14 shows the sensitivity of GLOW to
helium addition, with the 22, 50, and 60-wt% B atom cases. The 60 wt% cases were least affected, but the 22 wt%
cases produce unusually large GLOW values: up to 43.5 times the GLOW of the O2/H2 case. Clearly the 22-wt%
cases will not be attractive for this application. With the 50-wt% cases, the addition of 10-wtC_ He does not severely
affect the vehicle GLOW, but as the He goes up to 40-wtC_, the vehicle GLOW is higher than thc O2/H 2 case.
Atomic Carbon
The monopropellant atomic C cases at the 50 and 60-wt% levels h:td reduced GLOW values over the O2/H 2
baseline. However, a 24-wt% atomic C case did not produce a GLOW reduction. The GLOW increase for the
monopropellant case with no He was 74%.
Figure 15 presents the GLOW results for atomic C. The atomic C _ases produced generally higher Isp values
that the atomic B cases, and so their predicted GLOW values were less affected by the addition of He. Both the 50
and 60-wte,_ cases were able to deliver GLOW reductions even alter adding the 40-wt% He.
Atomic Hydrogen
Figure t6 illustrates the GLOW values for atomic H. With atomic -I, no GLOW reductions were possible until a
15-wt_ of atoms were used. At the 10-wt% H level, the atomic H GLI)W was 4% greater than the O2/H 2 baseline.
At a 15-wt% level, the GLOW is reduced by 44%. With a 50-wt% atom loading, the GLOW is reduced by 78%.
When adding He to the flow for the 10-wt% Atomic H cases, the (,LOW is 22% to 106% higher than the
baseline case. as shown in Figure 16. The 15-wt% atomic H cases only exceed the baseline GLOW when the He is
at a 40-wte_ , level. The range of GLOW reduction for the 15-wt% cases was from 37% (with 10-wt% He addition) to
a GLOW increase of 6% with the 40-wt% He added. The 50-wt% atomic H cases are almost unaffected by the He
addition. The GLOW reduction is 72_)_ over the O2/H 2 vehicle GLOW, even with the 40-wt% He addition.
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DISCUSSIONANDOBSERVATIONS
AtomicBdemonstratedv ryhighperformanceandgoodGLOWreductionsoverO2/H2,butonlyif thestored
atomvaluesareabove50-wt%.AtomicCalsodemonstratedexcellentperformanceandabilitytoreduceGLOW
overO2/H2vehicles.AswiththeatomicBcases,thehighestGLOWreductionsarepossibleatthehigheratomwt%
levels:50-and60-wt_.ThehigheratomloadingsdemonstratedagoodinsensitivityoHeaddition,whichwillbe
importantforanyvehicleusingacryogenicsolidparticlefeedsystemata4K temperature.
WithatomicHata10-wt%level,noGLOWreductionsoverO2/H2vehicleswerepossible.At15-wt%atomic
H,therewereverysignificantGLOWreductions,lorallbutthe40-wt%Headditioncase.The50-wt%atomcases
showedastronginsensitivityoHeaddition.
MassummariesofthepromisingatomicCandHvehicleshowingtheirsubsystemmassesforeachoftheirtwo
stagesareprovidedinTables2I,and22,respectively.TheatomicCvehicleuseda50-wt%atomloading,andthe
atomicHvehicleuseda15-wt%atomloading,andnoHeaddition.Themasseslorthesubsystemsaregenerally
conservativeespeciallythestructuralmasses,whicharetypically7percentof thepropellantmass.A 20%contin-
gencymassi addedtothedryweightsofthevehiclesaswell.Thiscontingencylevelisconservative,basedonpast
preliminaryspacevehicledesignrules,andit accommodatesmanydesignunknowns.Thedelta-Vusedfortheve-
hiclesizingisalsoconservative,atover9,700m/sforthetriptolowEarthorbit.Thishigherthanusualdelta-V
valuecanalsoaccommodatemanydesignunknownsinbothdrymassandengineperformance.
Veryfewcombustiontestshavebeenconductedwithatomicpropellants,andthereforeit'sdifficultopredict
theexactcombustionefficiency.Insuchahighenergyrocketengine,it willbedifficultoextractalloftheenergy
notedinthepredictedrocketengineIsp.Enginefficiencysensitivitystudiesshouldbeconductedonallofthecases
inthispaper.
TheselectionofH2asthesolidcryogenforatomstorageisverylikely.Hydrogenisanexcellentrocketpropel-
lant,andcanaddsignificantenergyduetotheatomrecombination,aswellascombustion.Othersolidcryogensthat
havebeenconsideredaresolidneonandargon.Thesesolidshavebeenusedinatomstorageexperiments,andmay
beviablecandidatesis omeground-basedapplications.Theirlowercombustione ergiesandhighermolecular
weightsdonotmakethemasattractiveasH2,butfurtherinvestigationsarewarranted,if highertemperaturestorage
ofatomsbecomesdesirable.
Theengineandvehiclefficiencyisalsomoststronglyinfluencedbytheabilitytoflowthe4-Ktemperature
fueltoa2000-K(orhighertemperature)engine,whilepreventingprematureatomrecombination.Theheatransfer
betweenthefeedsystemcomponents,theengine,andthepropellantwillcreateamajorengineeringchallenge.Dur-
ingthetransferofthe4-Katom-solidhydrogen-heliumslurryorgel,thetemperatureofthefuelmustnotvarymore
thanafewdegrees.Theatomswillbegintorecombineif thesolidhydrogensoftens.Additionally,theenginewillbe
quitehot- about2000K temperatureintherecombination-combustionchamberfortheatomichydrogencases.
Maintainingtheintegrityofthefrozenhydrogenwiththetrappedatomswillbedifficult,tosaytheleast.Specialized
insulationtechniques,orothersynergisticcoolingtechniques,tolowertheheatfluxtothefeedsystemwillnodoubt
havetobedeveloped.Heatransferinvestigationswillbeneededtocreateauniqueandeffectivehighlyintegrated
engineandfeedsystemdesign.
CONCLUSIONS
AtomicBandChadsignificantincreasesinIspoverO2/H2.WithBandC,theIspperformancewas689sec-
ondsforB(at60wt%),and733secondsforC(at60wt%).AtomicHdeliversanIspvalueof750seconds
(at15wtCh).AnatomicA1rocketenginewilldeliveralowlspatlessthan390seconds(at80wtC_).ThislowIsp
doesnotreducethevehicleGLOW,andthereforeatomicA1seemstobeanunattractivepropellant.
AtomicHdeliversthathighestpossibleIspincreases,butthepropellantmustbestoredatleasta15-wtf_level
todeliverasignificantGLOWreductionoverO2/H2.
Severalvaluesofwt%ofstoredatomswereinvestigated,andthelowestvaluesnotedrepresentthewt%judged
tobepossiblewithneartermtechnology.A 5moleC/cvalueofatomstoredinasolidcryogen,suchasH2,isconsid-
eredtechnicallyfeasibleinthenearterm.However,todeliverareductioni vehicleGLOW.muchighervaluesof
atomstoragewillberequired.
TheGLOWoflaunchvehiclesusingatomicB,C,andHwassignificantlyreducedoverthatforO2/H2propel-
lants.AtomicB reducedGLOWby12to50'_//at60-wlc/catomlevel.AtomicCallowedGLOWreductionsof8to
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48%(ata50-wt%level)andatomicHthepredictedGLOWsavingsi upto44%ata15-wt%atomlevel,andupto
78%witha50-wt%ofatomstorage.Adding He to the fuel to create a gel or slurry with the solid H 2 particles does
reduce rocket lsp, but the overall effect is small at the highest atom wt% values.
CONCLUDING REMARKS
Atomic A1 did not have any significant performance increase over OJH._, and hence the GLOW for these ve-
hicles was very high. The atomic A1 cases were not investigated extens:vely,-but their performance may prove useful
in very high density applications.
Helium addition to the atomic fuels reduced performance, but the performance effects were very small for high
atom mass fractions: above 60 wt%. At the lower atom loadings of 50-wt%, the He addition has a sizable effect, but
the atomic vehicle GLOW was still lower than or comparable to the O2/H 2 vehicle GLOW. Methods of flowing
solid H 2 particles with small wte_ values of He will therefore be desirable.
Additional analyses can be conducted for atomic AI, B, H, and C, carried in solid hydrogen with liquid helium.
In some cases, the density of the combination of atoms and the solid hydrogen may be overestimated, as it is un-
known as to what are the exact interactions of the atoms and the solid H 2 once the atoms are stored in the H 2. There-
fore, in addition to the using the densities noted for atomic AI, B, and C, a worst-case lowest density assumption of
0.077 from 3 atomic fuel density can be assumed for the different propellants.
Stored atoms in solid hydrogen are the penultimate step in the development of higher pertbrmance, higher den-
sity propellants. Future vehicle and engine designs using atom-based propellants have the potential to deliver siz-
able performance improvements over traditional chemical propulsion systems, as well as commercial benefits
(Ref. 29). Commercial aspects of the propellants are being addressed in current research programs. The advanced
propellants will require longer development times, so they will take a k_nger time to be commercialized than more
traditional propellants. Elements that are related to the propellant feed system technology might be commercialized
in the near future. Near term prospects related to these high energy species might be in the following areas: produc-
tion methods of the atoms or species, the cryogenic feed system components, superinsulation, valves, flow control
and flow measurement components, feed lines, cryogenic storage, and leak detection systems.
Atomic propellants, such as B, C, and H, have an enormous potential for high lsp operation, and their pursuit
has been a topic of great interest for decades. Recent and continuing advances in the understanding of matter, and
the development of new technologies of simulating matter at it's most basic level, and manipulating matter through
micro- and nanotechnology will no doubt create a bright and exciting ft_ture for atomic propellants.
NASA/TM- 1998-208498 8
AppendixA--Specificimpulsesfor5-mole%
atomcases
Table A I.--Weight_ values for 5-mole% of atoms in
solid H.
Atmn Weight% Monopropellant
(for 5-nloleg_) Isp (s)
AI 41.0 less than 400*
B 22.0 436
C 24.O 513
H 2.6 less than 400*
Expansion ratio = 6/): 1. Chamber pressure = 30 psia.
*Performance not calculated by CET. as the exit
temperature is too low to complete the calculation.
Appendix B--Propellant Densities
The overall density for the atomic propellants is computed using the equations below.
Density = I
Or if helium is added:
( (t- M:,,,,,/density solid H.) + (M,,,,m/density of atom) )
= I
( (I-Mu,,-M hJdensity solid H:) + (M,,.,/density of atom) + (MhJdensity of He)
Where:
M,,,H _ = Atom wtC_ /100
Mh,. = He wt%/100
Density of solid H2 = 0.077 g/cm _
Density of liquid He = 0.125 g/cm _
Density of atoms:
Aluminunl 2.700 g/cm
Boron 2.340 g/cm _
Carbon 1.800 g/cm
H_cdro_cn 0.077 _/cm
Appendix C--CET Heat of Formation Input Data
Table C I.IHeat of Formation for fuel components-All
components at 4 K. except O_. at 90 K
Component
AI atom
B atom
C alom
H atom
H_ Is)
He II)
O_ (1)
Heat of formation (cal/mole)
;'78,800.0
_'135,000.0
" 171,3(X) O
:'52,2(X) 0
:'-2.210.0
_-1.477.8
_-3,102.0
"Ref. 1 I.
bRef. 28.
' Ref. 26.
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TABLE I.--ATOMIC ALUMINUM
MASS SCALING EQUATIONS
He wt% I A, kg I B, kg/kgM_
50 wt% Atomic AI, O/F = 0.50
0 [ 11"5170 I 0.211136
TABLE 2.--ATOMIC BORON MASS
SCALING EQUATIONS
He wt'7, [
22 wick
0
10
20
40
22 wick
(X'I ]
50 wick
o
10
2O
4O
6o
0
10
2O
40
A, kg B, kg/kg Mp
Atomic B, O/F = 0.00
I 1,934.3 0.293811
I 1,934.3 0.293357
I 1,934.3 0.289915
I 1.934.3 0.28302 I
Atomic B. O/F = 0.50
I 1,517.0 0247787
Atomic B. O/F = 0.(X)
I 1,934.3 0.242283
I1.934.3 0.244281
11,934.3 0.246291)
11,934.3 0.250301
wtck Atomic B, O/F = 0.00
11,934.3 0.222803
11,934.3 0.226758
11,934.3 0.230708
11,934.3 0.238616
TABLE 3.--ATOMIC CARBON MASS
SCALING EQUATIONS
He wtck A. kg B. kg/kg Mp
24 wt% Atomic C, O/F = 0.00
0 I 1.934.3 0.293403
10 I 1.934.3 0.290286
20 I 1,934.3 0.287177
40 11.934.3 0.280970
24 wtck Atomic C. O/F = 1.00
00 I 1,934.3 0.221568
51) wick Atomic C, O/F = 0.00
0 I 1,934.3 0.243276
10 I 1,934.3 0.245180
20 I 1,934.3 0.247086
40 11,934.3 0.250895
60 wt_ Atomic C. O/F = t).(_)
0 I 1,934.3 0.223998
10 I 1,934.3 0.227831
20 I 1,934.3 0.231671
41) II ,934.3 0.239328
TABLE 4.--ATOMIC HYDROGEN MASS
SCALING EQUATIONS
He wt% I A, kg B. kg/kg Mp
10 wt% Atomic H, O/F = 0.00
0
_0
tO
1 1,934.3 0.339661
I 1,934.3 0.331936
11,934.3 0.324184
10 I 1,934.3 0.308675
15 wt% Atomic H, O/F = 0.00
0 11,934.3 0.339661
'.0 I 1.934.3 0.331936
20 I 1.934.3 0.324184
40 11,934.3 0.308675
50 wlck Alomic H, O/F = 0.00
(1 11,934.3 11.339661
!0 11,934.3 0.331936
20 I 1.934.3 0.324184
,t0 II ,934.3 0.308675
TABLE 5.--ATOMIC ALUMINUM
ENGINE PERFORMANCE AND
PROPELLANT DENSITY
41 wt% Atomic AI, O/F = 0.5
He wick Fuel density. Isp (s)
_/cm
) 0.1280 n/a
t) 0.1277 454.8
20 0.1274 441.4
_;1) 0.1268 413.3
TABLE 6.--ATOMIC ALUMINUM
ENGINE PERFORMANCE AND
PROPELLANT DENSITY
51) wt% Atomic AI, O/F = 0.5
H_ wlCk
0
10
20
4O
Fuel density, Isp (s)
_/cm
0.1497 493. I
0.1 468 479.9
0.1 440 465,7
0,1388 4.M.0
T,,xBLE 7.--ATOMIC BORON ENGINE
PERFORMANCE AND
PROPELLANT DENSITY
22 wt% Atomic B, O/F = 0.0
H. • wt%
0
10
2O
40
Fuel density, lsp (s)
_:/cm 3
0,1D78 435.5
0.1000 411.7
0.102-3 385.6
0.1071 329.6
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TABLE8.--ATOMICBORONE GINE
PERFORMANCED
PROPELLANTDENSITY
50wt%AtomicB,O/F=0.0
Hewt% Fueldensity, lsp (s)
0
10
21)
40
_/cm 3
0.1491 651.2
0.1463 624.7
(1.1436 n/a
0.1384 522.3
TABLE 12.--ATOMIC CARBON ENGINE
PERFORMANCE AND
PROPELLANT DENSITY
24 wt% Atomic C, O/F = 0.0
He wt% Fuel density, g/cm _ Isp (s)
0 0.1000 512.5
I0 0.1020 488.0
20 0.1041 462.11
40 0.1087 41)2.8
TABLE 8,--ATOMIC BORON ENGINE
PERFORMANCE AND
PROPELLANT DENSITY
50 wt% Atomic B, O/F = 0.0
He wt% Fuel density. Isp (s)
_/cm
0 11.1491 651.2
10 0.1463 624.7
20 11.1436 n/a
40 1).1384 522.3
TABLE 13.--ATOMIC CARBON
ENGINE PERFORMANCE AND
PROPELLANT DENSITY
50 wt_ Atomic C. ()IF = 0.1)
He wtCh Fuel density. Isp (s)
:_/cm
0 0.1477 696.3
10 0.1451 668.5
21) 0.1425 638.3
40 0.1377 570.7
TABLE 10.--ATOMIC BORON ENGINE
PERFORMANCE AND
PROPELLANT DENSITY
22 wtCk Atomic B. O/F = 0.5
He wt_
0
10
20
40
Fuel density, lsp (s)
_/cm
0.0978 518.9
0. IIXXI 502.5
0.102,3 485.5
0.1071 449.1
TABLE 14.--ATOMIC CARBON
ENGINE PERFORMANCE AND
PROPELLANT DENSITY
60 wtC_ Atomic C, O/F = 0.0
He wtCk Fuel density, Isp (st
1)
10
20
40
_.]cm x
O.1809 733.4
0.1732 712.2
0.1660 684.5
11.1535 612.5
TABLE 1 I.--ATOMIC BORON ENGINE
PERFORMANCE AND
PROPELLANT DENSITY
511 w'tC_ Atomic B. O/F = I).25
He wtqb Fuel densit]¢, g/cm _ lsp (s)
0 0,1491 632.()
I0 0.1463 614.1
20 0.1436 594.5
411 0.1384 n/a
TABLE 15.--ATOMIC CARBON
ENGINE PERFORMANCE AND
PROPELLANT DENSITY
24 wt% Aton'lic C, O/F = 1.11
He wt% Fuel density.
_/c m
0 0. I(XX)
10 0.1020
20 0.1041
40 0.1087
Isp (sl
487.8
478.2
468.4
447.3
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TABLE16.--ATOMICCARBONENGINEP RFORMANCED
PROPELLANTDENSITY
50wt%AtomicC,O/F = 0.25
He wtCk Fuel density, Isp (s)
Jcm :_
o O. 1477 644.7
10 0.1451 621.1
20 0.1425 595.9
40 0.1377 539.9
TABLE 17.--ATOMIC HYDROGEN
ENGINE PERFORMANCE AND
PROPELLANT DENSITY
10 wt% Atomic H, O/F = 0.0
Isp (s)He wt% Fuel density,
Jcm _
0 0.0770 611.8
10 0.0801 583.2
20 0.0834 551. I
40 0.0910 rda
TABLE 18.--ATOMIC HYDROGEN
ENGINE PERFORMANCE AND
PROPELLANT DENSITY
15 wit/, Atomic H. O/F = 0.O
He wt'k Fuel density. Isp (s)
_w/cm
0 0.0770 750.0
10 0.0801 713.4
20 0.0834 674.4
40 0.0910 587.6
TABLE 19.--ATOMIC HYDROGEN
ENGINE PERFORMANCE AND
PROPELLANT DENSITY
50 wt% Atomic H, O/F = 0.0
He wt'7, Fuel density, lsp (s)
0
10
20
40
0.0770 1281.5
0.0801 1231. I
0.083,1 I 176.2
0D c)10 1046.0
TABLE 20.--ATOMIC HYDROGEN
ENGINE PERFORMANCE AND
PROPELLANT DENSITY
50 wt_k Atomic H, O/F = 0.25
He wtc/, Fuel density,
JC III ;
0.0770
lsp (s)
o I 156.3
10 0.0801 I 112.4
20 0.08,_.I 1065.0
40 0.0910 954.7
TABLE 2 I.--ATOMIC CARBON
LAUNCH VEHICLE MASS
SUMMARY
Subsystem ] Mass, k_
50 wt% Atomic C, O/F = 0.00
Payload
Fairing
Payload adapter
Stage 2:
lankage
Thermal control
[ngine and feed system
Struclure
Residuals and holdup
( ontingency
Propellant
lnterstage adapter
Stage 1:
I an kage
I hermaI control
Engine and feed system
Structure
Residuals and holdup
Contingency
Propellant
] oral
95,708
7,648
5,441
9,717
9,964
10,0(X)
11,758
2,558
8,799
167,965
17,345
29,012
29,187
I0,(X_0
34,704
7,550
22,091
975.220
FABLE 22.--ATOMIC HYDROGEN
LAUNCH VEHICLE MASS
SUMMARY
50 with , Atomic C, ()IF = 0.00
Payload
Fairing
Payload adapter
Slage 2:
3 ankage
I hermal control
I: ngine and feed system
S _ructure
I, esiduals and holdup
( ontingency
F ropellant
I _terstage adapter
Stage 1:
"1ankage
"1hermal control
I-ngine and feed system
S tructure
I; esiduals and holdup
( ontingency
Propellant
'] oral
95,708
7,648
5,441
18,614
14,247
I 0,000
11.647
2,534
11,408
166,384
18,086
57,465
43,474
10,000
35,737
7,774
30.890
1,057,583
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Figure 1 .--Atomic hydrogen GLOW: monopropellant H/H2, no helium addition.
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Atomic boron engine performance: 02 as oxidizer
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Figure 3.--Atomic boron engine performance.
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Figure 4.--Atomic aluminum engine performance.
NASA/TM- 1998-208498 16
Au)
E
o
u
U)
700
600
500
400 I
300
200
i
100 +
oi
0
Atomic boron: 50-wt%, with helium
x x
o0-wt°ioi_e
• lO-wt% He
• 20-wt% He
x 40-wt% He
1 2 3 4 5
O/F
Figure 5.--Atomic boron engine performance.
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Figure 6.--Atomic carbon engine performance.
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Figure7.mAtomic carbon engine Isp:heliumaddition.
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Figure8,--Atomic carbon engine Isp:heliumaddition.
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Atomic hydrogen engine performance: 02 as oxidizer
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Figure 9.--Atomic hydrogen engine performance.
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Figure 10.--Atomic hydrogen engine performance.
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Figure 11 .--Atomic hydrogen engine Islet helium addition.
A (R
V
m
E
=m
.2
q,.
*m
O
03
1400 I
1200
1000
i
800
600
400
200
0
Atomic hydrogen: 50-wt%, with helium
× :
X
X
.|
×
I
* 0-wt% He I
i
• 10-wt% He I
I
• 20-wt% He J
× 40-wt%He I
0 1 2 3 4 5
O/F
Figure 12.--Atomic hydrogen engine Isp: helium addition.
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Atomic aluminum vehicle GLOW
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Figure 1 3.mAtomic aluminum vehicle GLOW.
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Figure 14.--Atomic boron vehicle GLOW.
B: 60-wt%
He Added!
O0-wt%
- lO-wt%
• 20-wt%
• 40-wt%
NASA/TM- 1998-208498 21
A
O)
J¢
I
k
O
3:
o
.J
4OO0
3500
3000
2500
2O0O
1_0
1000
500
Atomic carbon rockets: helium sensitivity
0
NLS
I I
C: 24-wt% C: 50-wWo C: 60-wt%
Propulsion technology
Figure 15.--Atomic carbon vehicle GLOW.
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Figure 1 6.--Atomic hydrogen ve'_icle GLOW.
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